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INTRODUCTION 

The. results of experimental work under NASA NAG -8007 and Supplement 1 to that 
Research Grant are reported herein. The work, wind tunnel evaluation of NASA's 
Wind Wheel Turbine ^i/Wr) was initiated iii June I98O and completed In August 1981 . 
The technical nK)nltor on the project was, the WWT Inventor, Mr. John Kaufman, 
Fluid Dynamics Branch, Atmospheric Sciences Division. 


Object I ves 

The three objectives of the project were tO! 

1. Provide a technical assessment of the aerodynamic performance 
of the WWT. 

2. Evaluate the potential of the wind wheel turbine In utilizing 
wind as an alternate power source and 

3. Develop scaling parameters to predict the aerodynamic performance 
of WWT prototype sized to produce 3 , 9 , 30 and 100 kw outputs in 
a 6.7 m/sec (15 miles per hour) wind. 


Scope 

The following tasks were completed under this Grant: 

A. Construct a scale model, Model A, of the WWT from 
description supplied by NASA. 

B. Design and set up a performance measuring system for the 

WWT In the Tennessee Technological University (TTU) wind tunnel. 

C. Measure the performance, rotor spead and torque, of Model A 
WWT at steady wind tunnel speeds of 28, 33 and 38 meters /sec 
(62.5, 73.8 and 85.2 mph). 
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D. Design, set up and run a spin-up, spin-down test system for the 
WWr, Hodei A. 

E. Instrument and measure the performance of Model K Wl/T, supplied 

by ftASA, at steady wind tunnel speeds of 28 , 33 and 38 meters /sec. 

F. Measure the performance of the individual wind inlets, singularly 
and in pairs, for the Model K WWT. 

G. Analyze the performance data and compare to data on other types 
of wi nd turbi nes. 

H. Extrapolate the performance of the models to homologous prototype 
with shaft outputs of 3, 9» 30 and 100 Im. 


EXPERIMENTAL SYSTEMS 


Wind Tunnel Tests 

Steady state performance of the WVfT models were run in the Tennessee 
Technological University Wind Tunnel, a low velocity recirculation tunnel with 
a test section 2 ft high x 3 ft wide x 10 ft long. The turbine models were mounted 
on the center liiie of the test section and connected to an external torquemeter 
and revolution counter by a shaft e’^tendlng through the side of the test section. 
Torque measurements were made with a Lebow strain gage type torquemeter and digital 
i ndi cator /amp I i f ier. The torque sensor contained a 60 tooth gear and magnetic 
pickup. The gear and pickup system provided a pulse signal to an electronic counter/ 
timer which would display the rotor speed. Wind tunnel velocity was measured by 
a pitot tube connected to a micromanometer. The wind tunnel test system is 
illustrated in Figure 1. 

Spin Ub - Spin Down Test System 

Transient data on WV/T, Model A, was obtained using an open, blow through 
wind tunnel illustrated in Figure 2. The model was mounted at the exit of the 
tunnel. Wind velocity was determined by an upstream pitot probe and inclined 
manometer which was calibrated against a velocity probe located at the position 
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where the nodel would be placed. The rotor speed iif the model was measured by a 
mai^.ietlc pickup and 60 tooth gear, set out of the wind stream and connected to the 
rotor by a light aluminum shaft. Timed count rates during spin up and spin down 
provided data on rotor acceleration. 

Spin-up tests were run by placing the VAtH" model, with rotor locked, In the 
air stream with the desired wind speed. The rotor was released and the revolutions 
as a function of time were recorded. When the steady state speed was reached, this 
maximum shaft speed was also recorded. 

Spin-down tests were run starting from the steady state conditions of the 
spin-up cests. A damper In the wind tunnel was closed to divert the flow out the 
side of the tunnel. Speed-time data was recorded as the rotor coasted to a stop. 
These tests were run at nK)del Inlet air velocities of 10. k, II. 7» 13*2 and 16.5 
meters/sec (2050, 2300, 2600 and 3250 ft/mln). 


Model A, WVT 

A scale model WWT , designated the Model A, was built of plexiglass follcx^lng 
the descriptive sketches supplied by NASA. The dimensions of the Model A, with a 
rotor diameter of 1 k cm (5.51 In.), are given In Figure 3, k and 5. A photograph 
of the cotnpleted unit Is shown In Figure 6. 

The Model A WWT had wheel dimensions and measured wind collector areas as 


shown below: 


Wheel: dxw 6 projected ar&a 5l/2'*Xl7/8" 

Front collector 3 l/k" x 2 13/16" 

Top projection of rotor 1 7/8" x 2 3/k" 

Side collectors 2 13/16" x 3" ea 

Bottom deflector 2 3/k" x 3/k" 

Total Collector Area 


10.31 

sq 

in 

or 66.5 

sq 

cm 

9.1k 

sq 

1 n 

or 59.0 

sq 

cm 

5.16 

sq 

1 n 

33.3 

sq 

cm 

l6.7k 

sq 

In 

108.0 

sq 

cm 

2.06 


i n 

13.3 

_5a_ 

cm 

33.13 

sq 

1 n 

213.7 

sq 

cm 


Model K, WWT 


The Model K WWT, an aluminum model built and supplied by NASA, was about k0% 
larger than the Model A. It Is illustrated by sketches in Figure 7» 8 and 9 and by 
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photograph In Figure 10. The major dimensions are shown In the sketches as scaling 
uni ts. 


The measured wheel dimensions and wind collector areas for 


the Model K VWT are: 


Wheel: dxw 6 projected area 8 3/l6" x 2 3/V* « 22.52 sq In or 1^5.26 cm^ 


Front collector 3 17/18" x 3 1/2" 

Top projection of rotor 2 3/V* x k 9/16" 

Side collectors 1/8" x 3 15/16" 

Bottom deflector 3 13/16" x I l/k" 


13.85 sq In' 
12.55 sq In^ 
31 . 96 sq In 
It. 76 sq In 


Total Collector Area 


63.12 sq in 


89.35 cm* 
80.97 cm* 
206.19 cm* 

30.71 cm* 
407.22 cm* 


RESaTS 


Performance Tests 

Power and torque test data, runs A-1 to A-ll for the Model A WWT and K-1 to 
K-7 for the Model K WWT are attached in the Appendix A. The methods of data 
reduction, to obtain torque shaft power and wind energy, are shown In Apperdix B. 

Representative performance curves for Model A, torque and power plotted against 
shaft speed for wind velocities of 28, 33 and 36 m/sec (5500, 65OO and 7000 ft/mi n) 
arc plotted as Figures II, 12 and 13. 

Performance curves for the Model K WWT, at wind velocities of 20 to 36 m/sec 
(4700 to 7000 ft /min) are given In Figures 14, 15 and I6. 

Nond Imens ional performance measures, torque coefficient C.J., and power coefficient 
Cp, are plotted vs the velocity ratio in Figure 17. 


Spin Up and Spin Down Tests 

Data for the spin-up and spin-down tests, run using the Model A WWT, are given 
in Appendix C. The results of the sp’n tests are plotted in Figures 18 and 19. Also 
shown on these plots are the earlier Kaufman spin test data*, taken using an earlier 
stainless steel WWT model. 


^Advanced and Innovative Wind Wheel Turbine, M.S. Thesis of John W. Kaufman, 
University of Tennessee, December 1979. 


Discuss Ion 

The performance data from Models A and K are similar. Figures H, 12 and 13 
for the Model A and Figures ll», 15 and 16 for the Model K show that both have almost 
a linear decreasing shaft torque with Increasing shaft speed. The maximum rotor 
speed, at zero shaft torque, occurs when bearing friction and rotor windage losses 
balance the wind energy extracted by the rotor. 

An Instability in the Model A torque curve, a local flatenlng of the torque 
with speed, generally occurs at least once In each performance curve. The flat spots 
In the torque curve can cause a relative peak I', power output. This Instability or 
hysteres s does not appear to be an experimental fluke. All the tests of the Model A 
exhibited this Instability phenomena at about 65% of max speed. A second Instability 
occurs at about 20% of max rotor speed. A third Instability occurs when the rotor Is 
locked. The locked-rotor torque is strongly dependent on the position of the rotor 
blades with respect to the housing flow paths. A 2 to 1 swing In stall torque occurred 
as the position of the locked rotor varied over a Interval, a blade passage interval 

The Model K performance curves were smoother than the Model A and did not 
exhibit the same type of flat spots. However the K model had the same variation of 
stall torque, with the torque varying strongly with the static blade position. 

The normalized performance curves. Figure 17» compare the Models A and K for 
the several tests. The better performance of the larger Model K was expected 
based on size considerations. But the magnitude of improvement was larger than 
anticipated. Using a Reynolds Number analogV' to deduce the influence of size on 
turbine performance, 

i_Ull - (il ) 

1 - nz ^ Ox ^ 

would Indicate the losses In the smaller turbine would exceed the larger units 
loss by 7%. Measured decreases in Cp, the power coefficient between the Model K 
and the Model A were found to be around l>2%. 
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The significance of the spin data is rather obscure. The validity of comparing 
the current Model A data to earlier NASA data appears nil. The spin data is a measure 
of the inertia of the rotor, the frictional losses in the turbine rotor and lastly 
the efficiency of the turbine In converting wind energy Into mechanical energy. 

The performance assessment of the WV/T can best be done by eliminating the confusing 
influences of Inertia and rotor frictional losses. This was done in the steady state 
performance measurements discussed above. The direct measure of performance is much 
superior to the indirect spin test methods. 

Performance of Individual Wind Collection System 

The Model K WWT was run with only one or two of the three air collection 
systems being open to the wind. One or more i niets-- front , side ports or top--were 
covered to prevent wind from entering the wheel via that passage. The measured 
performance of the turbine was normalized by dividing by a wind energy factor scaled 
to the collector area actually open to the wind. This procedure allows the effective- 
ness of each collector 6 duct system to be evaluated individually. Comparing the 
decrease in normalized performance of two systems operating together from the 
performance of the individual systems gives a measure of the interference of one 
system with another. 

It is clear that the top port is the most efficient air collection system, based 
on peak power coefficient. The front port is next and the side wings have the lowest 
peak power coefficient, all based on the actual wind collection area open. 

Combining the operating of the front and wheel top collectors reduces the 
power coefficient to the lower of the two. The two collectors together are little 
better than the front port alone. The performance of the complete wind turbine, 
the heavy solid line on the Cp 6 C.j. plots, show that the performance comes up 
slightly when adding the side collectors to the front and the wheel wind inlets. But 
the performance of the other two collector configurations, wheel top and sides or 
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front and sides, is reduced by adding the third collector. Combinations including 
the front and the wheel top have reduced performance. The air flows from the front 

and the wheel top are shown to have strong negative interactive effects. 

These results show that strong interact ions--the flow from one collector 

bucking or flowing counter to a second stream-*-can cause a sharp degregation of 
performance. The collectors and wheel are not designed to work harmoniously 
together. 

One of the primary WVHT design problems is the paddle wheel, an inefficient 
low speed design. The flow entering a bucket to generate a rotor torque must turn 

around at the bottom of the blade passage and flow out counter to the in-flow stream. 

This is an inefficient design. The flow leaving a blade passage may, due to wheel 
rotation, find itself flowing counter to a fresh air stream from another collector 
system. This second counter current stream again takes its toll, reducing turbine 
output and lowering the efficiency. 

The paddle wheel blade design, inherently counter flow in operation, needs 
to be repiaced with a pure radial in-flow rotor. The wind would be introduced to 
aerodynami cal ly shaped blades on the periphery of the rotor. The air passes through 
the blade passages, producing a rotor torque. The air would continue its radial 
inflow and be discharged through one or two axial openings at the center of the rotor. 

Scaling 

The performance of the WT models can be scaied-up using turbomachinery 
similarity rules or *'fan laws" and a model of the behavior of flow losses with 
unit size. The similarity rules for incompressible flow are 

Flow: Q « ND* 

Head: H « 

Power: P « N*D* 

A well accepted turbine loss model, the Moody model, is given on page 5. This 
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flow model can be used to determine the viscous flow losses and performance of 
WWT prototypes from the measured wind tunnel performance of the WVfT models. The 
Hoody loss model Is; 

j- LJU. . .tyowjoisesk - ( 

1 - ri 2 if low losses) -j 0i 

DV 

This model can also be based on Reynolds number, ■ ~ r/sther than just sli;e. 

For model tests In air, the speed ratio between model and prototype and the diameter 

ratio Influence the flow losses such that 

(l - ni ) _ (flow losses)i /^Rea . ® ^ 

(I - nz) (flow iosses)t 

Adapting these relationships to the wind turbine scaling problem yields: 

Wind power = P * V 
^ w w 

p 

Power coefficient = C = 

^ wind 

Shaft power ■ P . ® C V 

^ sh p w 

The Model K data needed in scaling is: 

C - 0.019 

^Peakj. 
n 

at V » 33 m/sec and 
^M 

D ■ 0.208 m wl th 

“h 

Acollectorj^ “ O.OlAS m® 

The prototype wind speed selected, 15 mph, is 

V =6.7 m/sec 
w 

The relationships for prototype shaft power, based on size on!/. Is: 

%hlp-3‘-3 V V'" 

The relationship for prototype shaft power can be modified to include Reynolds 
number influences by replacing Da/Oi with The expanded expression 

L 

- 
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for prototype flow losses, with • Vp, Is 


0.6 




D V 

Vm 


0 .* 


The shaft power prediction equation, which Inc'i^’des size and velocity Influences, Is 

%hlp ■ 36-3 V - 35.3 Op 

Prototype wheel diameters, fo: power levels, were calculated using the above 

two models and a prototype wind velocity of 6.7 m/sec, The results, for a prototype 
operating at the optimum speed ratio of 0.42, are tabulated below. 


Turbine 
Shaft Power 
kW 

Turbine Rotor Diameter 
meters 

Loss D 

Loss 'v (DV) 

3 

12 

14 

9 

20 

23 

30 

36 

39 

100 

63 

69 


Conclusions and Recommendations 

The normalized performance of the K Model WVIT Is plotted on Figure 21 with 
the Ideal propeller windmill performance and the measured performance curves for 
other current windmill designs. Tha, WV/T performance Is almost lost In the lower 
left hand corner of the plot. The WV/T does not have much velocity ratio range, 
only up to 1 , and has very disappointing performance, Cp 'v 0.02, as compared to 
0.4 for the high speed propeller designs. 

Selecting the best single wind collection system from Figure 20, the wheel 
top of the Model K, and adding this to the comparative performance map. Figure 21, 
offers little encouragement. The wheel -top-only peak Cp was only 0.04 to 0.044. And 
the effectiveness of the one collector system design Is poor for a large structure 

was required to support a small collector area. 
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The Advantages of mechanical strength and safety are Inherent to the WVT 
housed rotor design. These advantages might be preserved in a competitive design 
if a radial in-fiow rotor were available. This new rotor could be fed from a 
large collector designed to provide a uniform^ syrtmtetrlc flow to the rotor inlet. 
The rotor exhaust would leave axially and be swept out with the passing wind. Such 
a system, carefully designed, could rival the high speed propeller type turbines In 
performance. The major problem would be keeping the wind turbine design small 
and light enough that Its installed cost would still be competitive. 
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FIGURE 7 MODEL K WWT TOP VIEW 
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APPENDIX A 
TEST DATA 


Index of Oaf Sheets 


Test No 

Date 

Model 

Nominal 
Wind Speed 

Description of Test 


1 

2/2S/8I 

A 

ft/mln 

5500 

Prony brake torque measurement 


2 

2/29/81 

A 

6500 

n It M M 


3 

2/28/81 

A 

5500 

Repeat of Test 1 


<1 

3/2/81 

A 

6500 

Repeat of Test 2 


5 

3/3/81 

A 

5500 

Repeat of Test 1 


6 

3/V8I 

A 

6500 

Repeat of Test 2 


7 

5/5/81 

A 

5500 

Torquemeter readout 


8 

5/5/81 

A 

6500 

M M 


9 

5/7/81 

A 

6500 

*) M 


10 

5/7/81 

A 

5500 

Test with Kaufman 


II 

5/7/81 

A 

7000 

Survey test with Kaufman 


K-l, 

5/12/81 

K 

5500 

Partial test - overloaded generator 

load 

K-2 

5/13/81 

K 

1»700 

Torquemeter readout, Friction brake 

load 

K-3 

5/13/81 

K 

5500 

•• •• n M 

II 

K-4 

5/IV81 

K 

6500 

II II II II 

II 

K-5 

5/22/81 

K 

6000 

Stall torque tests 


K-6 

5/22/81 

K 

6500 

Repeat of K-i 


K-7 

5/22/81 

K 

7000 

Survey test anly 


K-8 

6/19/81 

K 

5500 

Side collectors only open 


K-9 

6/19/81 

K 

6500 

•1 II II II 


K-IO 

6/22/81 

K 

5500 

Wheel top only open 


K-ll 

6/22/81 

K 

6500 

H II II II 


K-12 

6/22/81 

K 

5500 

Front and wheel top open 


K-13 

6/22/81 

K 

6500 

M n M II II 


K-|i* 

6/23/81 

K 

5500 

Front inlet only open 


K-15 

6/23/81 

K 

6500 

M II II II 


K-16 

6/23/81 

K 

5500 

Front and side collectors open 


K-17 

6/23/81 

K 

6500 

M II II II II 


K-18 

6/23/81 

K 

5500 

Side collectors and wheel top open 


K-19 

6/21»/8i 

K 

6500 

M M II II II M 



TTU-NASA WWT TEST DATA 


• 

/ 

Performance Test of Model 

Test Objective 

Test Cond. 

Observer(s) 

O'^fcr 


Test No 

Date ’ 


WWT, Config. 
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■3 . V iir'' y y 
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WIND TUNNEL DATA 


ss 


VAfT, Config. 


iui H.t! 



Velocity Torque 


1 

> 
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2 

f 


s 

3 

f 





5 
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s 
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f 

7 
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f 

8 
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14 
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15 
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16 
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Performance Test of Model WWT, Config. 

Test Objective 

Test Cond. 


Observer(s) ^roo^ 

Ou'/t‘r SSCi) • CO A?f. /f A? f, S' 


Data 1 

WIND TUNNEL DATA ! 


Force j Velocity 

Torque 

T 

mN*m 

Power 

P 

Watts 

Pt. 

No. 

Time 

Ve 1 
Press 

"HzO 

Static 

Press 

Ps 

"HzO 

Temp 

T 

•F 

Shaft 

Speed 

N 

PPM 

(Torque) 

Arm) 

F 

gm 

V 

fpm 

w 

m/s 

MB 

m 

Jt djc\ 

o. io 


ii>y/ 

C_ _ 



0 


S 

2 f 

HH 


C. fc 

B'y. 

jUSc i 

/. £ p 



s. u 

• ?t 

s 

3 f 

llllll^^ 

1.78! 

C, ft) 

8 y 

A» / 8c 

-I . . . - 



SJ7 

AA'3 

s 

*, j- 


/. fc^ 

c> io 

8 B. . 

/7/y. 

4<'i>3 j 



fr'.U’ 

i.B 4- 

5 * 
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J<7il 


tj 6 

/ S \i, 
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s 

‘ f 


i,7S^ 
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/^v5V 

8 id <) 



/A\ h 9 

/?.7-e 

7 * 
f 



L . & 7 


/4SS 

B < (> c 



/yis 

‘ t.3B 

CX> 
^ lA 


/,7Sf 

J; 


//Jjj' 

<f>‘ . 3^ 



U.iLl 

K^/6 

9 ® 
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1 6. 

k\/S 
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A7 7T 
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7 3 »z 
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' o,dB 

1 

iy 

1 
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Ai,0 it 

12 ® 
f 


/.77/ 


‘iS \ 

7ce 




^SJi 

/.&i 

13 * 

f 


/<7SI 

o.si 


soa 

I3.cc 



/7y. 45 

7.4C 

111 * 
f 

— - 

/Jit 

oBl_ 

‘i2_ 

4 £ oT 




^S. 7 7 


15 * 

f 
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Oypl 
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7 .. 

1 <7 




. 77 
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/. 77S 
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7 1 
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/ 3o 1 
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N 

RPM 

Force | 
(Torque)! 
Arm) 

F 

gm 1 

Velocity 

Torque 

T 

mN*m 

Power 

P 

Watts 

i^H 




m/s 

s 

‘ f 


1 

/. io 

B 


||H 

|H 

■ 

0 

C 

s 

2 f 


a'.v5'V<’ 

i, 

B 



■ 

■ 

^.94. 

0.5 7 



om 

/../o 

B 

HH 

IjMgH 



i.je 

/. 44 

■ 


k\sp 

/ . 

<J o 


4^ 76 1 


■ 

y. :i / 

x’. v-r 

5 * 
f 



/.y<> 


x’yA*<’ 

d.46- 

IH 

■ 



s 

‘ f 


A*, si t* f 

/,.ic 

u* 


i>, Sc 

imiiiin' 

■ 

i j:, 3 <L 

:i 5 

7 ^ 
f 


Ui? 

h ^ 


x’ 7.V 

7.46- 


■ 


3.4S 

8 * 
f 



/' ^2 

B 

HHI 

B 

■ 

■ 

iL . 

moQii 

9 * 
f 


A*,.Va? 

/ * 

/ i 

B 




/f. f1 

4. If 

EH 



hti? 


S't 

/4.>“c 


■ 


WEm 

n * 
f 


A*.a5<^| 

' / .x* 7 

96" 

P9 a 


f|M||||H|||||| 

iHHRb 

■ 

^ /< 7 S' 

3 1 7 

12 * 
f 



hU 

9 tj' 

/i/t 

//.‘/vT 


IH 

aV.4 4 

[|QQ| 

n 

HI 

igm 

i.i:c 

HI 

BB| 

/AJTtf _ 


■ 

tin.n- 

J.ss 

■ 

HI 


Dffli 

IHI 


//y.f 

/.2:.i'S. 


■ 

a'X 4$ 

nmn 

EH 

■ 

x’. 

m 

m 

/ . 



■ 

i’ 7. f3 

bb 

16 !. 
f 


f7 

/'*-V 






il.ll> 

IQSl 

17 1 

f 

— , 




y/.e. 

/7._fjo 




11^1 


COMMENTS: 














































































































\^ct. 


/: 


Ih71 

L 2 7 

/^>»* 

7 so 


/. 2^ 

/</W*‘ 

c oi 

C *4 ^ ' i 

h U 

/«*« 

»>'«c 


f.li 

/ <n 

SHf 

A*- Vi J 

/. 

/ *ft 

ie/^ 

^ VJ 

/ 

/<^s 

//O 





^ >y 73 

/./7 

/« <' 

0 





3. 


/^ 

y>- 





r 

/•" 

/Jr'.^O 

^3/47 

80 

/irti' 

^4 . U 


/ir?S 

jc. rs' 

t.U 

19.74 

3 0. 

i, */ 1 

i f #?• 

4/.4'-*' 

6. 

a’^./4 

is. II 

6 . J"o 

/V. Jfi 

13. 

<!jr 


/*/«./■> »• 


JC 


> •// • «»« «, 



'<< </w «r«"^ 

6 

*i/> 

a -it ^ y# 


if 


ouiGiMAi, Page ib 
or POOR QUALITY 


c 


nU-MASA WWT TEST DATA 


Tesc; No. < 

Dat e V 'fi t 


( 


Performance Test of Hodel ____ WWT, Conf ig. 

Test Objective 

Test Cond. - 

0>i..rv.r(.) 'P^, /. /jLfcyy 7J1 ' F; 

/) u, -j c f \ SS cc '•“•iiyS'o o 7 v 5 ^ ^^>6 


Data 

Time 

WIND TUNNEL DATA 

Shaft 

Speed 

N 

RPM 

Force | 
(Torque)f 
Arm) 

F 

gm 

Velocity 

''w 

Torque 

T 

mN*m 

Power 

P 

Watts 

Pt. 

No. 

|QgH| 

fm 

Dim 


mil 

Hi 

■a 


MM 

M 


C.fC 

V , fo 

bS" 

/36'i4> 

0 

3'3'^A 

is, 37 

0 

C 

S 

2 f 

■ 

mam 

^^9 

V, ftf 

b i 


ZJS 

' 

SSUi 

m 

4. 41 

7n 3 

Z3<lS 

s 

3 f 


/, t-3< 

/sn 

C. ft> 

bs 

m 

wm 

SS-fO 

— 


S, s s 

BS 

s 

- f 


/'Bn 

U ./a 

3 8 

Q2m 

,j 



% 4-1 

A f 7 

5 ^ 
f 



0 ,f<i 

3 i 

/e/6 

if * 

SS^iT 


jz./y 

(/, 30 

s 

' f 


! 


io 

/O 93 

7. 90 

SX'/'l 

I8.3ti 

/S. 48 


7 ^ 
f 


/, (SU'i 

0 , fo 

9 0 

!4/c 

3,/C 

yyt y 

2S.4B 

/S.B'7 

a\3 9 

8 * 
f 


// 8/1 

0 i f« 

/z 

/ zss 

St 

SS t> i 

XU. 47 

7 C. (0 

a’./ 7 

9 ® 
f 


/. eiii 

/.en 

o<n 

9/: 

U33 

9‘ZS 

ssce 

i, B 4 

ie, / ^ 

4./^ 

10 ^ 
f 


!< &n 
!, e/z 

0 . fO 


9So 

/ c. So 

s'see 

jes* 

Zo. LO 

Z.oS 

11 * 
f 


/.a/z 

/.S/7 

0 , 9 c 

93 

BZ 8 

/ Z.cc 

SS7S 

XS 43 


i\o3 

12 ® 
f 


/.Bn 

!.en 

a . 9<i 

93 

7<o 

/3,i* 

SS79 


f/S. S <S 

AS7 

13 ® 

f 


J. 8 n 
/ t/i 

0 . fo 

f 3 

S9 7 

/ 3:3 s 

SO ' 7 7 

XBJi 


7. so 

lA * 
f 


/‘8<l 

/.8u 

0.S7 

JS 


/3.3S 

sseo 

A 

X e.ji 



15 

f 


/.eu 

/, eel 

0. S7 

IS 

397 

7 3,70 

\ 

3'y/f 

isss 

^ C. 8S 

ons 

16 * 
f 


/.£ac 

/.eoc. 

0. SI 

fS 

Z 9Z 

7 3, So 

L"r 74 

x&, Si 

X 7.0 S' 

0 . 6 8 

17 * 

f 


j. •/ 
/, tti. 

0,87 

9S 

/9i 

7h. so 

t) st 

X»\Si 

' ^S, 4X 

C,4/h 


ORIGINAL PAGg a 
OF POOR QUALITY 





























o 



/-h — i T c ^ U'o 




l^'iu 

•/ 

/^/ / /% f A 

fry/ J 

/f 


/i fc’.y; 

if 

^ yy 

^ 6*y^ 

XO 

^'XtiY 



PAGi 
P'^'R QGai, 



Perforinanco Tost of Model 

Test Objective 

Test Cond . 

Observer (s) 


TTU-NASA WWT TEST DATA 
WWT, Config. 


Test Uo . t> 

Norn. Wind Vel . - a 4et 

Date J. 


^room — 2^- 







WIND TUNNEL DATA 


Static Temp 
Press 
Ps T 

"H,0 "F 


trsb 




£ 


tS3H 






^7S> 


Aid 6’S iu/7 


/.Si> ^ I 


Aio 7. 


/. 3‘- y J 


/,Jc fi jdc(^i t'o 


/.Jo /J //,i0 


(1<SU 


A.s/t: 



97 

/.fof 

97 

/'S'o x; 

97 

/f^So 

B 

// o*-! 

Jo 0 

991 

/ trt> 

8173 

Jo c 

7 06 

/ 0 o 

SJf 






end /6.UJL 


Vel oc i ty 
V 






Power 

P 


Watts 


0 


i,io i,4i 


6, SJ 


/A J 7 




/8,o^ A.o6 




>2/?.7Y 


/2 



4.3 ’J.r; 


?e>./7c 3,41 


jA5-i 3 7./^ 3, a'S 



3 


JCrjo I 7 i 


37.4.^ i\ If 

































































































r 




I 

1 


Test No. 

<• 

_P9 2 1 

i 


Norn. Wind Vel. 


fpm 


TTU NASA WWT TEST DATA (continued) 







WIND 

TUNNEL r 

5ATA _! 


|Ti.-.ie 

Vel 

Static 

T ernp 

S 

1 

1 

Press 

Pv 

"H,.0 

Press 

i 

I "HaO 

T 

“F 

S 


Vtilocity j Torque 


mN *n 


18 


19 


I 

I 20 


I 21 


! 22 
i 23 

I 


Ik 



/Oi 


i.ia lei 331 i 

X . 


/. 2 ! /? <5^ /3 4 ^ 

. ..{ 






hAB h L c> 


9 


Pov/er 

P 


Watts 


7^^. a’<2 a 7^ 


3 i, 


Final Room Data: 
COMMENTS; 


Troom^i-'f' '■oa'?-- ‘niari^’'^- 
















































TTU-NASA V/WT TEST DATA 

Perfornuncc Test of Model /) WWT , Configi_ 

Test Objective ________________ 

Test Cond. 


Norn. V/ind vel. 

Date 


Observer I 




time start.i.A?4.‘, Jtf. 


WIND TUMNF.L OATA 

Static Temp Shaft 
Press Speed 

P.. T N 







BBHBBilBMilWi 


A* ^ / 


2 . o I y 




l-SiHX fi 


t.e 


/Bcr ,^3 




I^HD 


/ r^i 


y« / 6 /o 


iHS'i 


/ 3^ S 



{.Be 4 .f/ <i 3 / 2?7 


i.aofi i S H 


/4&t>2 1( fj f'H 


/ 


12 ^ 
f 




13 ® 

f 


i.lf! 

Jt 

f 


U7i1 

,^7 

15 ^ 
f 


!>7i7 


■ 


7.7 f 7 

.Hf 

17 ^ 

f 

}■ 

1.7^7 

V 



n 


8 H 



COMMENTG: 


(Torque) 


I 

A6v>; (• B 


im 


f ^ L 93 36 



Veloci ty 
V 

w 


'Hg; T. 


Torque 



Power 1 

P : 


Watts 


o 


i. 3 \ 


2.0 i 


X*. V < 


.£1 


2.8 3 ' 


2. 3 7 


2.27 


2.2 2 


2 . 2 2 


A*.// 


2 c, 8 3 


2 c. S i 


7 H[ 


iurALi. 2 > 








































































































Test No. / pq 4 
Nom. Wind Vel. ,i’.S‘‘oc 


TTU NASA WWT TEST DATA (continued) 



OUIGINM. PAGE : 
OF POOH Q'OAUTV 


































TTU-NASA WWT TEST DATA 


Test No . A ^ 
Nom. Wind Vel. //<*. 



Date f 

Performance Test of Model WWT, Config. 

Test Objective - • ■ - 

Test Cond. '■ ■ 

Observer (s) 

time <fartiL*'^«5' end 3t47 


Data 

Pt. 

Time 

No. 



WIND TUNNEL DATA 


1 

f 


$ 

2 

f 


s 

3 

f 



P 

S 





Velocity Torque 
V T 




^.Sis 1 33 


X*.yyd '33' 8 s 


Aj'U Js <is 


IrS 


il?l 


AJo 

JL 



its Si 


i(-u 


H 17 


,s>*r /dv ! 3 ii» 


^.sV 



?.573 \ .3 S' A’" I /^0/ 








/cv /e Vf 


At) 



>^3' /ffO 8i6 





i Ofv> 8 ao 


^,ss^ >3S 1 etj 7 is 


iSSH , 3 S iffv Sii 





^^.It 


Ze.fi^ 


fti. i'S 


i>e,f5 


3 ^>bc 


3 d ./3 




<iS 






3 , Lb 


3 >S 7 


3,S6 


it ^7 


3ji 





























































































OKIGINAL PAGE IS 
OF POOR QUALITY 




































TTU-NASA WWT TEST DATA 


Test No. 
Noni. Wind Vel . ^ ,< 

Date X 

z.Ai ,fj 


Performanco Test of Model A WWT, Conf ig. S /" a . ~ Ai J tV 
Test Objective 

Test Cond . _ 

Observer (s) . */. l. room-^ ^Bar ^ * ^Bar-^ 

time start S ' J.f en6„„Y2^S~ 


WIND TUNNEL DATA 

Temp Shaft 
Speed 

T N 

*F RPM 


,JS 6 4- 3dJ^-3 


33 


Data 

Pt. 

Time 

No. 



10 



f 

1 1 

s 


f 

12 

s 

.. 

f 

13 

s 


f 





s 

3 f 


4,S5i 

.33 

6 4 


S. 


' 

iWMBi 


Torque 

Power 

T 

P 

mN *m 

Watts 

0 

0 






,33 3 6 Hf7 


6 8 







.33 


.33 y/ /3<;*y 


X*. W .33 f / 


.Jo f/ ^o,f^ ^ 


^ .f/4 4. 


l.S-U 


.3/ 9^ 






f < 7<»/ 


Sff 


3roii S’ 7 



.3 


M,7 7 


I A . 00 4 ., 1,8 


^/^59 


3. J 


a! x?.^y 


73(>.lil 3’dS 


^7.SH S’7l> 


30. 3C- S’S/: 


3i\4e 3>7! 


3^.48 3>31 


3 6,64 


3 7. 4 ^ ‘7 s 



X? ^’30 


Ao.T^s , 3 ,/;: 



















































































































TttfC Mo 

.vA-P* Norn. Wind V<l. A' 

TTU-NASA WWT TEST DATA 

Oact 7 

Performance Test of Model A WWT, Conflg. Ai Acr- ^ ^ 

Test Objective C,u .... 

Test Cond. 

Observer(s) Cot/trU. 7 6 " *F; ^ 3 ^^..^?, f. f "*^9» 


No. 


s 7717 
f 


COMMENTS: 


WIND TUNNEL C 

lATA 

Vel Static 

Press Press 
Py Ps 

•'H 2 O "H 2 O 

Temp 

T 

•F 

/>Sde ,fd 

7S 

h?r<> .5'-' 

78 

J,ec7 

6f 


time start. 


Speed A«(r) 

oz p* 

RPM ' 


7S A’d'^V 0 


A7fy 6/ /^/f / . g 

i.lri J/ 8 3 1701 ^ 

/7^7 'f/ ^3 ^»/ 

/7f 3 ^-5 7V^o 

A7fo ^ ^ 

i,?9o io 6^ ^ 

/*7d7 <93 

A7j^7 >76 

/, 7^ .f^ tC ioi 3,7 

h?ai » f o S(>3 7,7 

utn ,f6 ec 703 3.7 

JJS7 . Con V./ 


1,787 ^^hH- 

1,787 3^* 

X/o lei 3 oA^a/n e*/ i Hfn± — (Ll—Li 

A, /rp. ft '/ frac/ an / *t tii/£ 


X. ' 

v.v 


Velocity Torque 


fom! m/s 


CpIS ^>*7 7 
^,61 /?. 
//?.7/ x?.^( 

7t 

/<8S >^.y 

/?,CS n,^i 
/6,3i j?, J 
n, 7 7 i 
>?/.»! >2,^ 
xf. X?/ 
!,fi. 

I7,sf n. 
zs,fsr 7,8 

Ihfl— 

37 . 0 ? /. X? 





TTU NASA WWT TEST DATA (contJnued) 



Final Room Data: 1 __ 


"HtO. 


T'ear-^ 


'C, Time_ 


OKIUIMAL PAaB*©- 
OP POOK QUAUTY 


COMMENTS: 

























nU'NASA WWT TEST DATA 

Performance Test of Model A WVTT, Conftg. 

Test Objective 
Test Cond. 

Observer(s) ^*F{ P, 

time start 


Test No 
Norn. Wind Vel . 7 

Date 

tier nrswi*tt 


TB.r- 

*^Bar 



Data 

Pt. 

No. 

Time 



WIND TUNNEL DATA 


ss 


Fmmee 

(Torque) 

A#m) 

OZ/^^n 


Velocity Torque 
m/s mN ‘m 


0 



Power 

P 



1^.71 3.i4 








3 S,S/ 


3l,cl 4,^ai 


4.0^ 


4 - 4.48 3 


































































































COMMENTS: 

















nU-NASA WWT TEST DATA 


Performance Test of Hodel VAfT, Config 

Test Objective 
Test Cood. 

Observer (s) T,^^... 


Test No.<T 
Norn. Wind Vel . d. 7 t 

Date / ? 


iS *F; P, 


II ^Ber 



Oe t a 

Pt. Time 



5 

s 


f 


s 

6 

f 

7 

s 


f 

8 

s 


f 

9 

s 


f 


13 

s 

f 

lA 

s 


f 

15 

s 


f 


s 


f 

17 

s 


f 


j.x,5. . ;.Q .1 




6 _ 




J 




jjj.Li.. .77.,,. 


/k3./.C. l/,J S..¥J 


(Calc.) (Calc.) 

m/s I mN*m Watts 


o 






JC', 


S^s(f 




SS.IC S.71 


S. ^ 


S.SS 



COMMENTS: 





















































































nU-NASA VrfWT TEST DATA 

Performance Test of Model /C WVfT, Conf Ig. A/um , 

Test Objective , 

Test Cond . 

Observer(s) _ ^room - **Bar-^ 

time star^ 




Test No. /f*.^ 
Wind Vel. A’ltTt 

Date /3 /f 


"H9i 

'tat 




Ve I oc I ty 


Torque 

T 

(Calc.) 


2 

s 

f 


m 

3 

f 


B 

k 

ip' 

5 

s 


f 


s 

6 

f 

7 

s 

u 

8 

s 


f 

9 

s 


f 

10 

s 









So 

7436 


JH-LS 

$0 

74 Si 

/r " 

a 7!f 

86 

/6S7 

mm 


e 3 

er' 

e?/ 1 

WSEmWBBBKi 

\mmm 

mtmXM' 

a 3 

i s& 


IKXQHI 

BBII 



" :i ?f 







.3 7,v^ 


3V. L ^ 


^ 9. t^o 


3 


/o 3 & 


( rs,<^ 


Power 

P 

(Calc.) 

Watts 



tj.S 3 




f . 



7, V 


Us,c>s 


/' Jv'./i S< 7 


/ 3 7, ' 7 


13 9.80 


7hT>l 



5 : UP ' /^c y r i K<. diJ-S 

^ ^ 7 6 f/ Cc' tf J e ^ 7 ^ ^ n ^ 7 o ■f^Y 0 7 * c. A /* ^/c* ^<ty, 




































































































• COMMENTS: 


I 


ORIGINAL RAGE IS 
OF PCX)R OITA!. IT/ 






















n 

Time 

No. 



n 

s 

f 

12 

s 


f 

13 

s 


f 


WIND TUNNEL DATA 

Static Temp S 
Press S 


15 

s 

f 

19 

s 


f 

17 

s 


f 


COMMENTS : 


Torque 

(Torque- 

meter) 

In-oz 






0^ 


■HU 

3o 

/A y? 



m 


KEZH 

6i 

/fSJ 



^.y.„ 

terf . 

ss 1 

! 0 *i l 


/y .7 




/ 6 .y 


! /./«r I sy I b 


^ I /./.sr 1 3s 1 


A/£., 


..LJ.y 

s 


/s-t 


i./S I 1/^0 








-c» s, J 


JjLLiL, 7** 

^/4.efe <*Ji ///<"» ■* • S f *‘^1 ( '•^f 


Velocity 

V 








^y 4 


4 y ^»6 


il 






^y/*^ 


45 - 


^yji: 




dt 


Torque 

T 

(Calc. ) 
mN*m 


Power 

P 

(Calc.) 

Watts 




H,LS e. 




e /. 


/i/.o 7 


!H .11 


/^>i 3 




iSH,LJ /c>h7 


Uit.i l,<\o 


^, 4-1 


flS.Gi i> 6 o 


I IS. 6 1 


in ( y 4 n tAe *h fn/hk 














































































































































t 


Test No. pq 2 

Norn. Wind Vel. fpn> 


TTU NASA WWT TEST DATA (continued) 



COMMENTS: 

















Hr nU-MASA WWT TEST DATA 

Performance Test of Model j VA/T, Config, 

Test Objective 7 a t'f </#// 

Test Cond. A Jf-J >rj/ 

Observer (s)_2f./, L 7 *F; 

time start 


Test No 
Norn. Wind Vel. j 

Date 


^Bar ^ ^ ^Bar-^ 

and Vi*fS %ar 


Ve I oc I ty 
V 



8 

s 

f 

9 

s 


f 

10 

s 


f 

11 

s 

1 

f 

12 

s 


f 

13 

s 

1 


f 



15 

s 


f 

16 

s 

f 



i:,SSi I ijH I 7^ ^Bi \ ^SU 


A.ss'i 

A/<f 

f ^ 

/VIP 




Power 

P 

(Calc.) 

Watts 



Torque 

T 

(Calc.) 

mNom 






(,o,ot //*6/ 


/y N,t >3 


9^.73 14, 


U0,1 /6./7 






/03.I II. L[ 


175.7 d.6^ 




leo.y 


Idf.i. 


167.1 3. S3 


C.J 7 



COMMENTS: T A / S 

/>oH 

/4/e Mr hL,r/ynr/ 

I'cJf ) 



' rA,s 

/c$ / 

7^6^ c/ a/i row//'-5» 


























































































































































%iT£d 




WIND TUNNEL DATA 


Static Temp 
ss Press 


Velocity 

V 




5 

s 

f 


s 

6 

"f 

7 

s 

f 

B 

s 

f 

9 

s 

f 

10 

s 

■f 

11 

s 

"f 


fa* «3if 


4?Jf I //.jr 


/.e/7 


I .er 


MlAjlL 


15 ! 

f 


6 * 

f 


COMMENTS: Hj 


Torque 

Power 

T 

P 

mN*m 

Watts 


a. 


54'.^0 3 . 8 ? 


^'o./J 4.38 


>r,?.7 8 3.7 0 


i.yi 


64. x*.>e8 


7^.00 


7*/./f /.o8 


o»sf^ 


f/. 6 ^ 


/“ificJ />/*•■/ -fori/ue OrtTk 





























































m 


ORIGINAL PAGE IS 
OP POOR QUALnr 



















pm 





Data 

Pt. 

No. 

Time 




8 

s 

f 

9 

s 


f 

10 

s 


"f 

11 

s 


f 

12 

s 


f 

13 

s 


f 

|1| 

s 


1 


16 „* 


WIND tun:— data 


%i 






h? 


ir.jrtor /. ^s 


. 6 \S‘\ /.^6" 


/.ifoT 


^iSLS 


^.SCS\/,^J 




ii^SLS 


e,scs\ //4J I /tf-» 



/./id 


/^ 0 





Jth^AU 



ioe U 




7 ob 


7 j / /. e 


^0 7 /J. 7 


/oo 


Velocity Torque 
m/s mN»m 


O 














Power 

P 


Watts 








^6, fi 


4 X 6 » 6. & 











60, SO 


6 I>. 6 S 




9^>73 




701,10 


7 OS, 10 







i> ,1 


y,^ *i 


6'.- 


3 


J. 


f3.3 i 


A/H 


o 




w 

T^aricti t 7oro»c arm 


COMMENTS. 
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APPENDIX B 
CALCULATIONS 


1. Wind Velocity -* from wind tunnel measurements 

2 P^ P^» velocity pressure In psf units 

‘’w Py - P./ ("H 2 O) 5.2 ^ 

P^ ■ static pressure 

. P %„("H9)70.75 ♦ P,("H,0)5.2 

JJ.« 

■ wind tunnel temperature In “F 

R ■ specific gas constant ■ 53.35 for air 

/2(5.2)P^ (T^ . WO) 

''w * \l .326 P^^ + 0.0975 P,/ ».e 

2. Blade Velocity - of WVTT rotor 

"s ■ Tip ■ 

3 . Wind Power - in wind tunnel 

••w - '>wVw<¥-> "" ■ ^ 

A ■ wind collector area In ft* 

c 

V , wind velocity in ft/sec 
w 

P ■ 0.042 pA^V* watts 
, w c 


4. Shaft Power - measured by torque transducer 

T ■ measured torque in milli-Newton meters (mNm) 
N ■■ measured shaft speed in Rev/min 
C ■ conversion factor 


■ 'TN - 


%h - 0.10l.7T(-^) «tt. 


5 . Power Coefficient 

'P 


„ > ^ _ 0.1047i465^ 

P 0.042pA^V^ 


dimensionless 


6. Speed Ratio 


Rotor 


2w N 
TO 


w 


’B . 

^ 10.4Pv (T^ + 460) 

K32TO^77+?T0975P^ 


dimensionless 
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INTRODUCTION 


William B. Swim, Project Director 
Tennessee Technological Ihiverslty 


The results of experimental work under NASA NAGr8C0y and Supplement 1 to that 
Research Grant are reported herein. The work, wind tunnel evaluation of NASA's 
Wind Wheel Turbine (AiH’) was initiated in June 1980 and completed in August 1981. 
The technical monitor on the project was, the WWT inventor, Mr. John W. Kaufman, 
Fluid Dynamics Branch, Atmospheric Sciences Division. 


Object Ives 

The three objectives of the project were to: 

1. Provide a technical assessment of the aerodynamic performance 
of the WWT. 

2. Evaluate the potential of the wind wheel turbine in utilizing 
wind as an alternate power source and 

3. Develop scaling parameters to predict the aerodynamic performance 
of WWT prototype sized to produce 3, 9, 30 and 100 kM outputs in 
a 6.7 m/sec (15 miles per hour) wind. 


Scope 


The following tasks were completed under this Grant: 

A. Construct a scale model. Mode’ A, of the WWT from 
description supplied by NASA. 

B. Design and set up a performance measuring system for the 

WWT In the Tennessee Technological University (TTU) wind tunnel. 

C. Measure the performance, rotor speed and torque, of Model A 
WWT at steady wind tunnel speeds of 28 , 33 and 38 meters /sec 

(62.5, 73.8 and 85.2 mph). 


D. Design, set up and run a spin* up, spin-down test system for the 
WVfT, Hodel A 

E. Instrument and measure the performance of Hodel K WVT, supplied 

ty NASA, at steady wind tunnel speeds of 28, 33 and 38 meters/sec. 

F. Measure the performance of the Individual wind Inlets, singularly 
and In pairs, for the Model K WWT. 

G. Analyze the performance data and compare to data on other types 
of wind turbines. 

H. Extrapolate the performance of the modest to homologous prototype 
with shaft outputs of 3t 9 , 30 and 100 


EXPER I MENTAL SYSTEMS 


Wind Tunnel Tests 

Steady state performance of the WWT models were run in the Tennessee 
Technological University Wind Tunnel, a low velocity recirculation tunnel with 
a test section 2 ft high x 3 ft wide x 10 ft long. The turbine models were mounted 
on the center line of the test section and connected to an external torquemeter 
and revolution counter by a shaft extending through the side of the test section. 
Torque measurements were made with a Lebow strain gage type torquemeter and digital 
indicator/amplifier. The torque sensor contained a 60 tooth gear and magnetic 
pickup. The gear and pickup system provided a pulse signal to an electronic counter/ 
timer which would display the rotor speed. Wind tunnel velocity was measured by 
a pitot tube connected to a micromanometer. The wind tunnel test system is 
illustrated in Figure 1. 

Spin Ub - Spin Down Test System 

Transient data on WWT, Model A, was obtained using an open, blow through 
wind tunnel illustrated in Figure 2. The model was mounted at the exit of the 
tunnel. Wind velocity was determined by an upstream pitot probe and inclined 
manometer which was calibrated against a velocity probe located at the position 


3 


where the model would be placed. The rotor speed of the model was measured by a 
magnetic pickup and 60 tooth gear, set out of the wind stream and connected to the 
rotor by a light aluminum shaft. Timed count rates during spin up and spin down 
provided data on rotor acceleration. 

Spin- up tests were run by placing the WVT model, with rotor locked. In the 
air street with the desired wind speed. The rotor was released and the revolutions 
as a function of time were recorded. When the steady state speed was reached, this 
maximum shaft speed was also recorded. 

Spin-down tests were run starting from the steady state conditions of the 
spin-*up tests. A damper In the wind tunnel was closed to divert the flow out the 
side of the tunnel. Speed-time data was recorded as the rotor coasted to a stop. 
These tests were run at model inlet air velocities cf 10.4, 11.7, 13.2 and 16.5 
meters/sec (2050, 2300, 2600 and 3250 ft/mi n). 


Model A, WWT 

A scale model WWT, designated the Model A, was built of plexiglass following 
the descriptive sketches supplied by NASA. The dimensions of the Model A, with a 
rotor diameter of 1 4 cm (5»51 in.), are given In Figure 3, 4 and 5* A photograph 
of the completed unit is shown in Figure 6. 

The Model A WWT had wheel dimensions and measured wind collector areas as 


shown below: 


Wheel: dxw & projected area 5l/2"x17/8" 10.31 sq in or 66.5 sq cm 


Front collector 3 1/4" x 2 13/16" 

Top projection of rotor 1 7/8" x 2 3A" 

Side collectors '\< 2 13/16" x 3" ca 

Bottom deflector 2 3/4" x 3/4" 


9. 1 4 sq in 
5. 16 sq in 
16.74 sq in 
2.06 sq in 


or 59*0 sq cm 

33.3 sq cm 
108.0 sq cm 

13.3 sq cm 


Total Collector Area 


33.13 sq in 213.7 sq cm 


Model K. W WT 

The Model K WWT, an aluminum model built and supplied by NASA, was about 40% 
larger than the Model A. It is illustrated by sketches in Figure 7, 8 and 9 and by 
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photograph In Figure 10. The major dimensions are shoMn In the sketches as scaling 
units. 


The measured wheel dimensions and wind collector areas for the Model K WWT ere: 


Wheel: dxw S projected area 8 3/l8'* x 2 3A'* • 22»52 sq In or lkS.26 cm* 


Front collector 'v* 3 17/18" x 3 1/2" 

Top projection of rotor 2 3/V* x k 9/16" 
Side collectors “v k x 3 15/16" 

Bottom deflector 3 13/16" x 1 l/k" 


13«8S sq In’ 
12.55 sq In’ 
31>96 sq In 
4.76 sq In 


Total Collector Area 


63.12 sq In 


89.35 cm* 
80.97 cm* 
206.19 cm’ 
30.71 cm* 

A07.22 cm* 


WESU.TS 


Performance Tests 

Power and torque test data, runs A-1 to A'11 for the Model A WWT and K-l to 
K*'7 for the Model K WWT are attached In the Appendix A. The methods of data 
reduction, to obtain torque shaft power and wind energy, are shown In Appendix B. 

Representative performance curves for Model A, torque and power plotted against 
shaft speed for wind velocities of 28, 33 and 36 m/sec (5500, 6500 and 7000 ft/ml n) 
are plotted as Figures 11, 12 and 13. 

Performance curves for the Model K WWT, at wind velocities of 20 to 36 m/sec 
(4700 to 7000 ft/mln) are given In Figures 14, 15 and 16. 

Nondfmenslonal performance measures, torque coefficient Cj, and power coefficient 
Cp, are plotted vs the velocity ratio In Figure 17. 

Spin Up and Spin Down Tests 

Data for the spln'up and spln'down tests, run using the Model A WWT, are given 
In Appendix C. The results of the spin tests are plotted In Figures 18 and 19. Also 
shown on these plots are the earlier Kaufman spin test data^ , taken using an earlier 
stainless steel WWT model. 


^Advanced and Innovative Wind Wheel Turbine, M.S. Thesis of John W. Kaufman, 
University of Tennessee, December 1979. 


s 


Dlfcmtion 

Th« performance data from Models A and K are similar. Figures 1t« 12 and 13 
for the Model A and Figures 1A» 15 and for the Model K shoM that both have almost 
a linear decreasing shaft torque with Increasing shaft speed. The maximum rotor 
speed, at zero shaft torque, occurs when bearing friction and rotor windage losses 
balance the wind energy extracted by the rotor. 

An Instability In the Model A torque curve, a local flatening of the torque 
with speed, generally occurs at least once In each performance curve. The flat spots 
In the torque curve can cause a relative peak In power output. This Instability or 
hysteres s does not appeer to be an experimental fluke. All the tests of the Model A 
exhibited this Instability phenomena at about 65% of max speed. A second Instability 
occurs at about 20% of max rotor speed. A third Instability occurs when the rotor is 
locked. The locked-rotor torque is strongly dependent on the position of the rotor 
blades with respect to the housing flow paths. A 2 to 1 swing in stall torque occurred 
as the position of the locked rotor varied over a 45'* Interval, a blade passage interval. 

The Model K performance curves were smoother than the Model A and did not 
exhibit the same type of flat spots. Ibwever the K model had the same variation of 
stall torque, with the torque varying strongly with the static blade position. 

The normalized performance curves. Figure 17. compare the Models A and K for 
the several tests. The better performance of the larger Model K was expected 
based on size considerations. But the magnitude of improvement was larger than 
anticipated. Using a Reynolds Number analogy to deduce the influence of size on 
turbine performance. 


I - H2 


/ Da \ 


0.2 


would indicate the losses in the smaller turbine would exceed the larger units 


loss by 7%. Measured decreases in Cp. the power coefficient between the Model K 
and the Model A were found to be around kl% 


> 
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Th« stgnifteanee of th« spin data is rathor obscura. Tha validity of comparing 
tha currant Modal A data to aariiar NASA data appears nil. Tha spin data Is a maasura 
of tha inertia of the rotor, tha frictional losses In the turbine rotor and lastly 
tha efficiency of the turbine In converting wind energy Into mechanical energy. 

The performance assessment of the WWT can best be done by eliminating the confusing 
influences of inertia and rotor frictional losses. This was done in the steady state 
performance measurements discussed above. The direct measure of performance is much 
superior to the indirect spin test methods. 

Performance of Individual Wind Collection System 

The Model K WWT was run with only one or two of the three air collection 
systems being open to the wind. One or niore inlets*' front, side ports or top--vfere 
covered to prevent wind from entering the wheel via that passage. The measured 
performance of the turbine was normalized by dividing by a wind energy factor scaled 
to the collector area actually open to the wind. This procedure allows the effective* 
ness of each collector & duct system to be evaluated individually. Comparing the 
decrease in normalized performance of two systems operating together from the 
performance of the individual systems gives a measure of the interference of one 
system with another. 

It is clear that the top port is the most efficient air collection system, based 
on peak power coefficient. The front port Is next and the side wings have the lowest 
peak power coefficient, all based on the actual wind > i tion area open. 

Combining the operating of the front and wh«t •* collectors reduces the 
power coefficient to the lower of the two. The two collectors together are little 
better than the front port alone. The performance of the complete wind turbine, 
the heavy solid line on the Cp & C.|. plots, show that the performance comes up 
slightly when adding the side collectors to ' ont and the wheel wind inlets. But 
the performance of the other two collector configurations, wheel top and sides or 
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front and sides, is reduced by adding the third coitector. Combinations including 
the front and the wheel top have reduced performance. The air flows from the front 

and the wheel top are shown to have strong negative interactive effects. 

These results show that strong interact I ons—the flow from one collector 

bucking or flowing counter to a second stream'**can cause a sharp degregation of 
performance. The collectors and wheel are not designed to work harmoniously 
together. 

One of the primary WV/T design problems is the paddle wheel, an inefficient 
low speed design. The flow entering a bucket to generate a rotor torque must turn 

around at the bottom of the blade passage and flow out counter to the in*flow stream. 

This is an inefficient design. The flow leaving a blade passage may, due to wheel 
rotation, find itself flowing counter to a fresh air stream from another collector 
system. This second counter current stream again takes its toll, reducing turbine 
output and lowering the efficiency. 

The paddle wheel blade design, inherently counter flow in operation, needs 
to be replaced with a pure radial in- flow rotor. The wind would be introduced to 
aerodynami cal ly shaped blades on the periphery of the rotor. The air passes through 
the blade passages, producing a rotor torque. The air would continue its radial 
inflow and be discharged through one or two axial openings at the center of the rotor. 

Scaling 

The performance of the WV/T models can be scaled-up using turbomachinery 
similarity rules or "fan laws" and a model of the behavior of flow losses with 
unit size, The similarity rules fpr incompressible flow are 

Flow: H « NO* 

Head: H « N*0* 

Power: P « N*D® 

A well accepted turbine loss model, the Moody model, is given on page 5. This 

c ' ^ 

' i , ^ , . k. . ^ 
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flow model can be used to determine the viscous flow losses and performance of 
WWT prototypes from the measured wind tunnel performance of the WWT models. The 
Moody loss model Is: 


i-UQi . - ( Si ) 

I - H 2 (flow losses ) 2 or 


This model can also be based on Reynolds number, N. 


OV 


rather than Just size. 


te V 

For model tests in air, the speed ratio between model and prototype and the diameter 

ratio influence the flow losses such that 

( 1 - m) _ (flow losses)i /^Rea . 

(5 - Ha) (flow losses)t 

Adapting these relationships to the wind turbine scaling problem yields: 

Wind power ■ P * V *0^ 

^ w w 


Power coefficient ■ C “ „ 

P 


shaft 


wind 

« C V 
p w 


Shaft power • P^j^ 

The Model K data needed in scaling is: 

C » 0.019 

**Peakj^ 

at V ■ 33 m/sec and 
'''^M 


w, 


0.208 m with 


M 


Acol lector^ ■ 0.0143 m* 

n 

The prototype wind speed selected, 13 mph. Is 


w 


6.7 m/sec 


The relationships for prototype shaft power, based on size only, is: 

watts 


%hlp - 36.3 . 23.7 


D 1.® 
P 


The relationship for prototype shaft power can be modified to include Reynolds 
number influences by replacing Oa/Oi with The expanded expression 
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for prototype flow losses, with • Vp, Is 


0.6 - C 



0-V 

<5V> 

Vm 


o.a 


The shaft power prediction equation, which Includes size and velocity Influences, Is: 

%hip ■ V ■ “p 

Prototype wheel diameters, for k power levels, were calculated using the above 
two models and a prototype wind velocity of 6.7 m/sec. The results, for a prototype 
operating at the optimum speed ratio of 0.42, are tabulated below. 


Turbi ne 
Shaft Power 
kW 

Turbine Rotor Diameter 
meters 

Loss D 

Loss n/ (DV) 

3 

12 

14 

9 

20 

23 

30 

36 

39 

100 

63 

69 


Conclusions and Recommendations 

The normalized performance of the K Model WWT is plotted on Figure 21 with 
the Ideal propeller windmill performance and the measured performance curves for 
other current windmill designs. The WVfT performance Is almost lost In the lower 
left hand corner of the plot. The WWT does not have much velocity ratio range, 
only up to 'V I , and has very disappointing performance, Cp 'v 0.02, as compared to 
0.4 for the high speed propeller designs. 

Selecting the best single wind collection system from Figure 20, the wheel 
top of the Model K, and adding this to the comparative performance map. Figure 21, 
offers little encouragement. The wheel -top’-only peak Cp was only 0.04 to 0.044. And 
the effectiveness of the one collector system design is poor for a large structure 

was required to support a small collector area. 
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The advantages of mechanical strength and safety are Inherent to the WV/T 
housed rotor design. These advantages might be preserved In a competitive design 
if a radial in*fiow rotor were aviii table. This new rotor could be fed from a 
large collector designed to provide a uniform, symmetric flow to the rotor inlet. 
The rotor exhaust would leave axially and be swept out with the passing wind. Such 
a system, carefully designed, could rival the high speed propeller type turbines in 
performance. The major problem would be keeping the wind turbine design small 
and light enough that Its installed cost would still be competitive. 
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FIGURE 19 SP INDOWN TEST RESULTS 
Time for WWT Rotor to stop versus initial rotor speed 
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5/7/81 

A 

7000 

Survey test with Kaufman 

5/12/81 

K 

5500 

Partial test <■ overloaded generator load 

5/13/81 
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Repeat of K-4 

5/22/81 
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WBIWIIBMil 




?*f 


/.Bos 








JT.3 




/hLS I 7. C 








l.7 9t_ 8i 

Br B ii 


i.m .s^ ss 


Watts 




l^'ll 






bi y 3 



r0't4, rm.t 


^ £A Qo'^t. ^ t.><^ ;\ / ! fy t -^r/i /<'<}'' <y/ Se 


e rt c 

























































































T«st No. 
Norn. Wind V«l, 


.P9 2 
fpm 


nu NASA wwr test data (continued) 


Date 



COMMENTS : 















♦Ji 



Velocity 


Torque 

T 


Power 

P 


15 

s 

>' 

16 

s 


f 

17 

5 


f 


(Celc.) 

Watts 



7 * 
f 


^•yJL 

IQ 



/&.0 

s * — »»>• W» 

8 »l 

'HH 

HHfR 

/./y 

8 S 

! o*ii 

/6.y 


63 V »0 






/!/. x’tf 




H, 


^/. /!<» /V. ^ir 



/V.t >7 


//^,P 7 /^. 7 f 


/^ 7 . 74 * 


/Jf.tffl /^>s 7 


IS*4.CJ U‘,h7 



7. 






o 


'6^4ei^e. <4 




^/ a €/^ e S^^fh^f d^Curj dn fy /n rAc (qU^ 


tdLki!^4. 




























































































j 


origin ALPf-0®® 

OF POOR QUALll'Ti 























































TTU NASA WWT TEST DATA (continued) 


pg 2 

fpm 


Test Mo. 
Nom. Wind Vel . 

Date 



alUOINAL page IS 
"oFTOOR QUAtilT^ 























s 

2 

f 


s 

3 

f 


TUNNEL DATA 

Time Vel Scatlc Temp 
Press Press 
Pv Ps T 

"H2O "HjO "F 


L/M. 







Torque 

(Torque- 

meter) 

In-oz 


//u 1.1 <i 


3q 




Zoei 




end v:ys 


VelocI ty 
''w 



^ 0,^7 4 ..Q 


44 ., 4 -d 


Uo^ot / h^\ 


7 i 3 


9^.73 , f f 


JZ. 0,1 Z6./7 




td'S.f 



/^3./ n.L{ 


f 73, 7 


7 eo ,7 


16 7. 7L 


767. ( 


tf 9 .Z 


6 . 6 ^ 


S> 33 " 


3. S’ 


e.S3 


6.77 


COMMENTS: 


■ ^ * 

/(• //• ) r/<.,‘tT /a c 7 >■■«?./, r/- - 

TTu's /a 7 7 o/,etf a// j 








































































































Performance Test of Model /f WWT , Conflg._ 
Test Objective 
























































































































•7* 


2 

s 

f 

3 

s 

7 

k 

s 

'7 

5 

s 

f 

6 

s 

■f 

7 

s 


8 

s 

f 

9 

s 


f 

10 

s 


~f 

11 

s 


“f 


13 

s 

f 

lA 

s 


T 

15 

s 


7 

16 

s 


"f 


WIND TUNNEL DATA 


Static 

Press 

Ps 

"H2O 


A*. 40*/ I i,^S 






.6\S’ 




^.slS 


^.SCS \/.^J 


e.Si 


A* .Sls 


/CO \ 8 


A/TJ I /^r» 


^ l>eoe 


C.SA 4 >\ /,^o 


a’.xJT^J' 


/xto 


(Torque) 




8 \ /c>.S 


?oB 


7 //.e 


sol fj. 7 


JJ.S 


k S 7 i 


8^ 


* 7 o /t< J 


Velocity Torque 

V T 

w 

m/s mN»m 


O 


2J. 30 


3 (s. 


/0/.70 


fos.io 




3 


Power 

P 


Watts 


A 


S. ZC 


So. 8^4 b.Z^ 


i>.e 


1^.7^ 


6 d,So b.lt 


6i.6S 




90.13 5. /J 


9 S. 3 ^ 


j 7.3 / 


A/ H 


o 


COMMENTS : 


r*ifie^ t /vr^'uc V/'/n 

























































































T., 


time star 



2 

s 

f 


s 

3 

f 


s 

k 

f 

5 

s 


f 


s 

6 



f 

7 

s 

L 

8 

s 


f 

9 

s 


f 

10 

s 


f 

11 

s 

■HI 

f 




f 

I 

5 


f 

1 

6 ® 


f 


WIND TUNNEL DATA 

Static Temp S 
Press S 

P« T 


Torque 

T 



ASA Bit..\ \ 


Power 

P 


Watts 


O 



tdfAeJ Jt>^us T^crf^e ^r-fru 


COMMENTS: 






































































ORIGINAL PAGE 
OF POOR QUALITY 

























e/sCe 




WIND TUNNEL DATA 


Static Temp 
Press 

I 

op 




^:l. 


\jkk 


I yr 


i.cos 


^^SS"l I A ^3 




/./ej 










7£L 




sct> 


/a-D 


A^J 




/fit 3 I /oj 


d 3 


Force 

(Torque) 

/■• . ' ' ' • 

r *» 




3.0 


Velocity Torque 
V T 


m/s I mN*m 




/o. 3 


JhL. 


//. ( 


S 6 

/.^j 

/o 3 

/ 6 f 


_/6 

>f 



/o 





■ 

ff ^7 


Power 

P 


Watts 




IU 3 3 . 6 ? 


3 6 , 7 / 5 -. 




7 . 7 ^ 


7/r.7*3 7. i7 


76,>e6 ^,f<3 


7fl, 3 6 6.3 


7 6 , 3 6 ^ 


76.76 V,6’6 


76»>?6 3 . 7 <i 


3 J 6 


a ?. 6 ; 


97 . 7 f /. 7 /e 


93*46 0,99 


76.4 6 o 


/ e&e 


[•] 





























































































nU-MASA VATT TEST DATA 


Performance Test of Model 3 WWT, Config 
Test Objective DchrJt?ifLX /iXt fMmMnA 
Test Cond. £ro^^±^ 6 j:±.jind JuAjffC/ 
Observer(s) I 


C Test No. 
Norn. Wind Vel. ^ 

Aik 




T e,r ’Fj 

room — " 'r~ 


time start 





WIND TUNNEL OATA 
Time ”v eT Static Temp 
Press Press 


Force 

(Torque) 


Velocity 

V. . 


2 

s 

f 


Bl 

3 

f 


m 

i« 

f 

5 

s 


f 


s 

6 

f 

7 

s 


f 

8 

s 


f 

9 

s 


f 

10 

s 


f 

11 

s 


f 

12 

s 


f ^ 

13 

s 


f 

14 

s 


f 

15 

s 


f 

16 

s 


1 

17 

s 


f 




*75 

•«F«»R X AS 4 i« 4i 

■ .‘.8 tL. 



Torque 

T 


mN *m 


Power 

P 


Watts 





3/.t>7 ^e.^e 


38 ./^ ^.87 





s'. 36 






ieSk(»^ /.3"| 



COMMENTS: 


































































nU-NA3A WWT TEST DATA 


Test No. zLl. 

^ nU-NASA WWT TEST DATA C. ^ 

^ ^ June 

Performance Test of Model /f- 1 WWT, Conf ig. 

Test Objective ,Saa».C Hs JC-ld — 

Test Cond. /n /T-J ^ CcACe/,^ ^<?LA 

Observer (s) _ ^ .m.i - *^room - ‘ ^ - - — ^ 

time star t ^ t*4c en 




C 4 :^ /^ . w . 

T_ HL "F; 



COMMENTS: A 

Atr Ci'Jt f.c. 

pa/'/ af /4 c 6h'/tp/i^e prv6/t^ 

























































































WIND TUNNEL DATA 


StaticI Temp 


/l 0 M. . 




. &i: 8 7 


/>8o^\ ,5>e \JIJ_ 


£L 


^r. 


.6 C fo 


I.eOi^ , 8 A’ 


Force 

Shaft (Torque) 

PZ//„ 

RPM 


.Tlj^ ...I Jz9.~ ^.. 


/> 6 ci^ \ 


7 > 0 AL 


Sfi 6 


8 


St 


Velocity Torque 

V T 

w 

m/s mN*m 


O 


4. 


vi . & 


6, 7 


4 A 


BC. 




dS.iS /,/i 


4 ^, nr 0 ,^ s 


4 3,78 O.S'6 


47. 3 f CiH 










































































\uAwl 


g_"Hg; T 


WIND TUNNEL DATA 


Static 

Press 

“HjO 


/sM.. U. 




^.SU7 \ 6 J$ 


^.SLl 




fS 


L/.5.J 


fS 


^.SLl 1 7.73 I %S_ 


^.SU I />76 


\ 6/6 


f?,S(. 7 




1. 6. /<?_.. /.€?... 


Torque 

(Torque- 

meter) 

In-oz 


&/4f 


7 /e 


£> f 7 I S > <7 


SJS S, L 


nn I z i;. 


B. 0 


B,'3 




7.( 


Velocity 

V 


.„tz„ 

d 


MIL- 


Torque 

T 

(Calc.) 

mN*m 


O 


Power 

P 

(Calc.) 

Watts 


6 


/?Vv oc 


3ieO ji,3 


3B.J3 


S.i 3 


SJ.si 


Xt.*/ f /. 8 V 


SB.&o /.3i 


i,BMt c.ait 


Wifi’S 


C7.h3 


W 








































































TTU NASA TEST DATA (continued) 

— d I . 


WIND TUNNEL DATA 
Vel Static Temp 
Press Press 
Pv Ps T 


Shaft Torq 
Speed 


Test No. 

Norn. \ .d Vel. ^ 
Date 




/ Velocity 


Torque 

Power 

T 

P 

(Calc. ) 

(Calc. ) 

mN»m 

Watts 


II 


Final Room Data: T^.pp ^g.3 °F. Pp//> "Hg, Tim e jiSf 

COMMENTS: 


ORIGINAL PAGE Jfo 
OP POOR QUATilTY 













nU-NASA WWT TEST DATA' 


Performance Teat of Model WWT, Config._ 

Test Objective /) t? farm an £i 

^ Test z/a </ O/a 

Observer (s) T St 


Test No 
Norn. Wind Vel. 


icMi 


’fi I’B.rg.&io ’■H9; T- 


il 

Time 

No. 



WIND TUNNEL DATA 




Torque 

Shaft (Torque- 
ipeed 


Velocity 
V . 


Torque 

T 

(Calc.) 
mN »m 


O 


Power 

P 

(Calc.) 

Watts 


b 


Qyf,oa ^,0 (3 


b.l d 




74 . 7i7S 


97". so 7. fs 



COMMENTS 




































































































Mil* I 


time star 


n 

S| 



12 

s 


f ' 

i3 

s 


f 

14 

s 


T 

i5 

s 


f 

16 

s 


f 


WIND TUNNEL DATA 


Static 
P 


1 /.i^O 1 


fif 


1 /> I 9 7 


^,SJ'9 1 A <io I Joo 


7\/e /o£. 


M.L. 


^sMA 


^.S^3\ IJB /o ^ 


Torque 
Shaft (Torque- 
Speed meter) 

N 

RPM !n-oz 


473IJ^ 


tZ<i 


4AA.^ 


/Oil 


I 78. S 



US 

fO S>‘ 

Sito 

/ 9' f.. 


iJS 


7^^ 


Jt,S^3 

A/S 


C4( 

..A 


l>78 1 JO 5 


^.Sl8 A/S /"'S' 


/o7 


/,/€r 1 /o7 


4.S(9\ IJB I /c; 


tl Lte 


it /6 


i 5 (o 


(9. 3 


£o^ ^ 


SIS 


V/6 




Velocity 


fpm m/8 


Torque 

T 

(Calc. ) 

mN»m 


O 


/CO. 7 


rc/.i 


3b.i 


Power 

P 

(Calc.) 

Watts 


6 


Z^.st 4.J& 


46.60 B. Bl 


/> 6 • C 6 //./^ 




/ c 6. B I a.*i 0 


/it. 7 3 


/ 30 .& i/t.61 


/J 7. 7 /ASA' 


/34.i /0^3o 


H3>3 


/HS.S 7,e^ 


I SS. 3 (3 */ 6 


JSfi, A 


3 . 


3./3" 


o 





































































































ORIGINAL PAGE IS 
OF POOR QUALITY 





















V nU-NASA WWT TEST DATA 

Performance Test of Model A -3 WWT, Conf Ig. 

Test Objective c. Pfr/iir'^ ua 

Test Cond. /• P,jf /• AJ^LJte A — ^ 

Observer (s) T 'F: 


^ Test No. 

^ Norn. Wind Vel. 

Date x! J 


^roo m - ^*^ - ^Bar^’ ^ *- ^ * ^Bar-^ 

time start-ZlILi— end At* /y '^Bar ...... t 


Data 

Pt, Time 


WIND TUNNEL DATA 


Static Temp 
Press 



s 

2 

f 


s 

3 

f 


5 

s 


f 


m 

6 

f 

7 

s 


f 

8 

s 


f 

9 

s 


f 

10 

s 


f 

11 

s 


f 

12 

s 


f 

13 

s 


f 

n 

s 


f 

15 

s 


f i 

16 

s 


f 

17 

S 1 


f ! 



Torque 

(Torque- 

meter) 

In-oz 


Velocity Torque 




. 

U . 






m/s mN*m 


0 


forque Power 

T P 

(Calc.) (Calc.) 

mN*m Watts 


0 




4.3.0? 7 . 6 0 


6,57 


?t.73 9,7 a 


8 7'SS jo. CO 


3Ji y. f r 


/OS. ^ 


//o.S' 




V. a 5 




/ZS,o 




no.s’ H.u 


jze.s s.bai 


? 3 i. / 


7 V.e 



COMMENTS: 














































































































Performance Test of Model 

Test Objective ^ /:■/». zr < 
Cond. ^</T 

Observer (s) /f. 


TTU-NASA VAfT TEST DATA 
WWT, Config. 


Test No 

^ Norn. Wind Vel. ^ 
Date ^ 


roo m ' fcr " 
time start 


A- and */ .7-i Bar ^ 


WIND TUNNEL DATA 


Pt. Time Vel 


Press P 
Py 

"H,0 " 



Torque 

(Torque- 

meter) 

In-oz 


Velocity 
V . 






£.3.3 0 s.t>3 




U.i^ 

B3.3i: 

/¥. 4)7 

J 0 

/ (o.eo 


/<&. f >2 




is,is 

/7 7. if 

/ 3.0 i 

Hi-.s- 

H.o3 



























































APPENDIX S 
CALCULATIONS 


1. Wind Velocity - from wind tunnel measurements 


''w- 


V - 

w 


2 P 


w 


P^, velocity pressure In psf units 
- Pv' ("H.0) 5.2 


P^ ■ Static pressure 


Psf 


p --L 
% If 


PB,r<“M9)70.75 ♦ P^("HaO)5.2 ^ 


Tunnel 


5J.J5 t^("F) i"¥6b" 


T^ "Wind tunnel temperature In *F 


ft Ibf 


R ■ specific gas constant • 53.35 i- KL - g g-' 

/2(5.2)p; 


,1.325 . O. 0 S 75 P, 


sec 


2. Blade Velocity - of WWT rotor 
% ■ ''Blade Tip 


3 . Wind Power - In wind tunnel 

V 2 

P - 0 A V (-^) 
w c w 2 


P - 0.042 pA watts 
. w ^ c 


<^> 


R(ft) 


• density ■ above 

A ■ wind collector area In ft^ 
c 

V^ “ wind velocity In ft/sec 


A. Shaft Power - measured by torque transducer 

T measured torque In milli'Newton meters (mNm) 

N ■ measured shaft speed In Rev/ml n 

C ■ conversion factor 
N 


%h ■ 'TN 


P^^-0.1057T(.y^) «atts 


5 . Power Coefficient 


6. Speed Ratio 


•^sh _ 0.10A7fT0O 

P^ “ 0 . 042 pA^V' 
w c 


dimensionless 


'^Rotor _ 


w 


w 


2 ir N 
1 


lO.APv (T^ + 

t.326Pj^r ♦«'''>f7-5% 


dimensionless 


